Meson Radiative

Transitions on the Lattice
hybrids and charmonium
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JLab, GlueX and
photocouplings
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photoproduction of
exotics?

exotic quantum numbers 1= 07—, 27~ may
be explicable as hybrid meson states

photoproduction an untested method

relies upon reasonably large couplings
e.g. <7;};2 7T1>

large in some model estimations




Lattice QCD
estimation!

® relatively straightforward in principle;
evaluate three-point function with a vector

current
® in practice, not so easy
® truly light quarks unfeasible
® transitions involve unstable states

® experimental data is limited and imprecise
(even for conventional meson transitions)
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pragmatic approach

® try out an untested method in a region
where approximations are controllable

® and where there is good experimental data
to compare with

charmonium



Charmonium - expt.

® multiple states below
DD threshold have
narrow widths

E1
E1,M2,E3

® radiative transitions are
big branching fractions

M1

® precision measurements

0—+ 1+— = O++ 1++ 2++



Charmonium - lattice

® states are small - small
volumes OK

® quenched theory not

sick™ - just not expt.
as(O(me))

® disconnected diagrams Ne
perturbatively suppressed

® need a fine lattice J /Y
spacing a 2 3GeV !

*“one heavy flavour QCD”; will only notice non-unitary up near 6 GeV



anisotropy

charm quark mass scale requires a fine lattice
but only in the temporal direction!?

spatial scale ~ |p| ~ 500 MeV

so space direction can be more coarse

introduce anisotropy param into fermion
action and tune to get meson disp® rel™ right



our initial simulation

® anisotropic Wilson glue with ¢ =3 at 3 =6.1
® |23x48 gives a |.2 fm box
® Domain-Wall fermions (Ls = |6)
® Ginsparg-Wilson ensures O(a) improvement

® vector current only multiplicatively renorm?

spectroscopic splittings
came out reasonably -

usual quenched problem
of hyperfine too small

scale setting by Sommer parameter, but |P-1S very similar



three-point functions

Z,y
® we use gaussian smeared fermion bilinears as
interpolating fields ~ » F(D)vzyz sz,
7

® connected diagram constructed from forward
propagator and sequential sink propagator with
the simple point-like vector current

new inversion for each change of
the sink, but all possible momenta
inserted at the current

|0



three-point functions
and matrix elements

L,y

® inserting two complete sets of states

. AV N o L
D(tg,t; 57, q) = e Erlr=De =Bt £(5:)]5#(0)|i(5;))

A

to be extracted

obtained from fits to
two-point functions



Nc ‘form-factor’

® strictly speaking this does not exist due to
charge conjugation invariance

0~ 4 01"

e
d2Te «



Nc ‘form-factor’
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Nc ‘form-factor’
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N form-factor’
- not VMD?
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J/v¢ “form-factors’

® vector particle has three form-factors (c.f. deuteron)
® charge
® magnetic

® quadrupole
V@, )3 OV (pi, i)
= —(ps + pi)" | G1(QV)€ By, 7p) - (i, 73)

G Y ko —
| 23751%)6 (Pfari)-pﬁ(pi,ri)-pf}

+ GQ(QZ) {Gu(ﬁia"“i)G*(ZTfﬁf)-pi + 6“*(ﬁf77'f)€(ﬁi,’f'i)-pf}



J/v¢ “form-factors’
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due to centripetal
barrier in P-wave
meson



so much for
unobservables, how
about observables?
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J/v — n.y transition

g . 2V(Q?) .
(e (P)|7*(0)[ T/ (P, 7)) = — et P p! pge (P,T)
Ne
DD
"""" g B T
1”

E1
E1,M2,E3

—

N J /1) 3097

very sensitive to hyperfine __ S

M/ — My, expt. = 117 MeV

% JF- T @Ft e gt
mj/w o mnc our lat. ™~ 80 MeV 2? 1 1 0 1 2




J/ — Ny tran5|t|on

(J/w _>7707) —

bhase space

physica| .............. 1

lattice -

beware -
nobody gets this
number ‘right’

new CLEO-c
number soon!

Wik 64

( My, + mw)Z 27

| J [
_0'5 -
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Ball expt.

e
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spat. p,=(100) JAp_
C.Ball phys. mass

C.Ball lat. mass
n [bq) n phys_ mass

) ¢¢’H far mass




P-wave to S-wave transitions

' 1‘%
)
S % - ;ﬁ%
many good 2
measurements
E1l

E1,M2,E3

_le_2980)" M1

oot 1t~ 1— ottt 1ttt oft
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Xc0 — J/¥7Y transition

our ‘poster boy’

covariant multipole decomposition of matrix element
(S (Ps)]7*(0) [V (pv, 7)) =
Q@7 <E1(Q2) {Q(QZ)E” (Pv,7r) — €(Pv,r).ps (Pirpv.ps — m%pg)}

C1(Q7 .
+ \%)mve(pv, r)ps {pv-ps(pv +ps)! — mgpy — mzvpfé})-
q

E| - electric dipole, exptd measured at Q% =0

C, - longitudinal, only non-zero at non-zero Q?
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xe0o — J/¥y El transition

our ‘poster boy’
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xc0 — J/¥vy Cl transition
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Xc1 — J/¥7Y transition

covariant multipole decomposition of matrix element

(AGa, ) OV By 7)) = sl €77 (04 — pv)ox

x |E1(Q%)(pa +pv)p<2mA[€*(p74, ra).pvie, (pv,rv) + 2my e(py,rv).pale, (Pa, TA))

+ M3 (Q?)(pa +pv)p(2mA € (pa,ra)pvie(pv,rv) — 2myle(Py, v ).pale, (Pa, TA))
C1(Q?)
TV

+ (0 +pv), (M = mY + @) @ara)pv] @y rv) + (m —mb = @) [e@y.rv) pa] €W ra)] )] .

( — 4Q(Q?) e (Pa, 4 )ep (B, Tv)

E| - electric dipole, expt?¥ measured at Q% =0
M, - magnetic quadrupole, expta” measured at Q% =0
C, - longitudinal, only at non-zero Q?
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he — 7M¢7Y transition
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a, .‘:41(02)

quark potential model?

® our fitting form inspired by NR potential
model with rel. corrections:

|||||||||||||||||

Xeo = J [
8 = 542(35) MeV
p =1.08(13) GeV

I 1 I L I 1 I 1
LAY
Co)3 8
o =} o
o . .

lllllllllllll

8 = 555(113) MeV
p = 1.65(59) GeV

s T
—a—
gy
%
(¢
Illlllllllll
A
a, E,(@)
c:'cla'o'cyaé:'c':é'é
&8 & & N & =
T T T T T T T

'''''''''''''

llllllllllllll

hc — Qﬁ%m
3 = 689(133) MeV

P — X 30



what about xc2 — J/¢~y?

® can't get at spin 2 with
point-like fermion
bilinears

E1,M2,E3

® we have to extend our
interpolating field set

O——I— 1+— h== O++ 1++ 2++
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Operator Oy, rep. | lowest JPC | name remark

1 Al O++ ag PO(XCO)

V5 Ay 0-F ™ 1So(ne)

Vi T 1= P 351(J /)

Y57 Ty 1+ ay 3Pi(Xe1)

Vi T I b1 1Py (he)

V5 Vi Ty 1+ ™ xV

Vi T 1= apg X \Y

Y4V T 1=+ ap x V

'szz Al 0++ p X V-Al 3P0(Xco)

€ijkVj Vk E 1+ pxV_Ty | 3Pi(xe1)

Sijk7i Vk T 2+t p x V. T, 3Py(xe2)

V5Yi Vi Ay 0~ a1 X V_A; | exotic

V5SiikY; VEk 15 27~ a; X V_Ty

V5SajkY; Vi Ty 27~ a; X V_E

YaV5€ik7Y5 Vi Th =" by x VT, | exotic

Y45iikV ;i Vi 15 2T~ ap x D exotic

V57 Di As 3Tt a; X D_As

V5Sajiki Dk E 2+ a1 X D_E

V55ik75 Dk T 1+ a1 X DTy

Vs5€iikVi Dk T 2T+ a; X DTy

YaYs58ikVi ViV | Az 3t by x D_As

Va5 S a7 D E PARS by x D_E

YaY5SijkY; Dr Ty 1t- by x DTy

YaYs€ijkY; Dk Ty 3t by x D Ty

YiD; As 37~ p X D_As

8k Dk T, 1= px DTy

€k Dr T 27~ p x DTy

Y4Y55iik Vi Vi T 2~ 7w x D_Ty

V5 B T, 1=~ 7 x BTy

€ijk7Y; Bk Ty 1-* p X BTy exotic

Sijk7V; B T 2~ + px BT,

V5 Bi Ay 0= a1 X B_A; | exotic

V5€ijkY; B Ty 1+ a1 X BTy

V58KV Bk 15 2T~ a1 X BTy | exotic
Table 1: Meson operators, names and quantum numbers. s;;j
and Sajr = 00 # k),S111 = 1,5122 = —1,5200 = 1,53 =

Sijkvjvka

BZ = fikj Vj Vk

=

—1.D;

extended interpolators

higher spins
and the JF¢ exotics
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non-exotics

exotics

extended interpolators
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next up!?

radiative transitions with this extended set
think we can do two-photon decays
charmonium for now

dynamical lattices for precision & maybe
multi-particle (DD) states

start turning down the quark mass if it all
‘works’ to get at JLab physics
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extra slides for the
inquisitive |
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xc0 — J/¥y El transition

' I I ' I '
- m spat. p, = (000) Jp . |
; spat. p, = (100) Jp_.
-0.1F o spat. pf - (OOO) Ac0 snk. —_
spat. p, = (100) %4 <k
% * PDG phys. mass
. # PDG lat. mass -
N’C‘; """" 'I‘ * CLEO phys. mass
<L; B #* CLEO lat. mass
< -0.15 - —
0.2 |- -
. | . | . | .




some two-point functions

oo p=000
0-65 | ] L] | | | |
I 'g_m p=100 | | | | | | | |
o—© p=110 ’
a-ap=7111
p=200
0-6 S I —
E 3
g 0.55 ¢

o—o p=000 :
oo p=100

—o p=110
A—A p=111 XCO

p:200
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multiple form-factors!

® pick out the three-point functions with the
same Q? - various momentum and Lorentz
index combinations

_F(a; t)_ _P(a; t)Kl (a) P(a; t)KZ (CL) - _fl (Q2)[t]_
D(bit)| | P(bit)K1(b)  P(bst)Ka(b) f2(Q*)[1]
L(c;t) | = | Plgt)Ki(c) P(ct)Ka(c) 2 : |

® invert this system with SVD P - K are known
quantities
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Ly

® set using meson form-factors at zero Q?

1.22

1.34
i ) 132
1 = Zv(clover
1.3}
T T R S S 5 128
1.18 } ¥ i spat. curr.
1.24
1.16 |- — - .
B } I NG 1.22 N o temp.p=(000)| A
1.14 |- . ter o temp. p=(100)| ]
1.18 © spat. p~=(100)
1.16
1.12 — _ i
I Z d o temp.p=(000)| | 114 temp. Curr.
o temp. p~(100) LY S <. & L ’
1.1 V( Wf) o spat. p=(100) | '1 ) - temp . Curr. J
1.08 1.08 n, Iy Xco Xe1 h

n, Iy %eo Yol h
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quenched!?

® scale setting ambiguity - running coupling
® non-unitarity a negligible issue

® above threshold states rendered stable -
they were narrow anyway
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anisotropy - disp” rel”

I I I I I I
1.15 [~ —

. . 1.1+
~6% deviation, | E Ir . ) |
could easily be o I -4 I I
reduced Yo 1_______[] ___________________________ O_ ________ o )
0.95
+ M,
0.9 | o Jhp
XcO
0.85 ' | | I | |
1 2 3 4 5 6

B2 (%) — m? p
7° ‘

c*(Ip1°) =
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PDG
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‘wrap-around’ pollution

t Ol sty =24)|1){fl7" @)|7)(t]|w:(t; = 0)]0)

~ ZiZy(f]#(0) i) e~ Br A0 -

OOV )V ]es(0)Lf) (fles(ti = —24)[0)

~ Zy Z(V]pi(0)|f) em VIR
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‘wrap-around’ pollution

EvaJ/w ~ 3 GeV
5Ez'f N MMy — Ty 7 600 MeV

so wrap around should fall off relatively sharply.
if amplitude is large this will be a nasty pollution
(prevents excited state extraction)
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‘wrap-around’ pollution

o0 Q% =0.99 GeV’ []

rapid fall-off near t=0 indicative
of the wrap-around pollution

we resorted to fitting the

pollution with a single exponential

(@)t = fa(Q%) + ™™ + fpemms 470
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finite-size effects ?

® previous charmonium spectrum studies saw ho
significant finite volume effects with [, > 1.1fm

QCD-TARO collabn.

Table 6: Pseudoscalar mass and hyperfine splitting from non-perturbatively im- 107 :' 5
proved clover Dirac operator. The lattice spacing is fixed to 0.093 fm (G = 6.0) and I
the number of lattice points L, hence the physical volume La, is varied as indicated 102 k
in the table. Results, averaged over 100 configurations (190 for L = 8), are given in
physical units (MeV) with the scale set by 7. \
L La (fm) S, 35, 35, — 1S, el P
8 0.75 2058(10) 3019(12) (G“V?’lﬂ *

10 0.93 2953(5) 3023(6) 6(2. : i
12 1.12 2957(3) 3032(5)
14 1.30 2947(3)
(3)
(2)

1
5!

10°° B 15, wave function TH =

3020(4) 6(1. i HH ]
3025(4) 9(2. el v ]
3021(3) 5(1. 0 0204 06 08 1 12 14

r (fm)

16 1.49 2952(3
18 1.68 2949(2

® we extracted from the form-factors that radius of
charmonium states is ~. )9 — (0.3 fm

finite-size should be no problem for us @ Ls = 1.2 fm



